INTRODUCTION
Hepatocellular carcinoma (HCC), which accounts for more than 90% of primary liver cancers, is the fifth most common malignancy and the third leading cause of cancerrelated deaths worldwide [1] . Virus infections [including hepatitis B virus and hepatitis C virus (HCV)], obesity, inflammation, fibrosis, and cirrhosis are the major risk factors for HCC [2] . Genetic studies have identified that TP53, β-catenin, and TERT are the most frequently mutated genes in HCC [3] [4] [5] . However, effective drugs are lacking for this disease. Therefore, novel factors triggering HCC remain to be identified that may benefit the diagnosis and treatment of HCC patients.
Ubiquitin-conjugating enzyme E2T (UBE2T), also known as HSPC150, belongs to the E2 family of the ubiquitin-proteasome pathway. UBE2T activates FANCD2 monoubiquitination, and it was first identified in a patient with Fanconi anemia [6, 7] . Recently, increasing evidence has reported that UBE2T is involved in cancer development. UBE2T is highly expressed in prostate cancer tissues and correlates with the metastatic stage and survival of patients. UBE2T promotes the proliferation, migration, and tumor development of prostate cancer cells [8] . Moreover, the upregulation of UBE2T is also found in other cancer types, such as breast and lung cancers [9] . In vitro, UBE2T accelerates the growth of HCC cells via destabilizing P53 protein abundance [10] . However, the role of UBE2T in HCC carcinogenesis requires more in-depth investigation.
In this study, we found that UBE2T was overexpressed in HCC specimens. We hypothesized that UBE2T functions as an oncogene in HCC. To this aim, we used a lentivirus to knock down UBE2T in two HCC cell lines and analyzed the cell proliferation and xenograft tumorigenesis. Furthermore, cell cycle distribution, apoptosis, and gene expression were analyzed to investigate the potential mechanisms. We found that UBE2T knockdown inhibited the viability and tumor development of HCC cells. Cell cycle arrest and apoptosis were induced by UBE2T silencing. Various genes were downregulated or upregulated by UBE2T knockdown. We suggest that UBE2T is a promising oncogene in HCC.
MATERIALS AND METHODS

UBE2T expression analysis based on The Cancer Genome Atlas database
The transcript analysis of UBE2T in HCC patients was performed based on The Cancer Genome Atlas (TCGA, http://cancergenome.nih.gov). Fifty pairs of HCC and adjacent normal tissues and a total of 543 samples (373 tumor tissues and 169 normal tissues) were available for this study. The expression of UBE2T was analyzed in cancer and normal tissues. The patients were divided into UBE2T high expression and UBE2T low expression groups and subjected to overall survival analysis. The pathological characteristics of grade, T stage, and tumor stage were analyzed between these two groups.
Cell culture
The HCC cell lines BEL-7404 and SMMC-7721 were obtained from the American Type Culture Collection (United States) and the Cell Bank of the Chinese Academy of Sciences (China). The cells were cultured in Dulbecco modified Eagle's medium (Invitrogen) containing 10% fetal bovine serum (Gibco) as well as 1% penicillin and streptomycin (Corning). The cells were cultured in a 37 °C incubator with 5% CO 2 .
Lentivirus-mediated UBE2T knockdown assay
UBE2T was knocked down using the lentivirus vector pGCSIL-GFP in BEL-7404 and SMMC-7721 cells. The targeted sequences (ShUBE2T, 5'-ACCTCCTCAGAT CCGATTT-3' and ShCtrl, 5'-TTCTCCGAACGTGTCACGT-3') were synthesized and inserted into the pGCSIL-GFP vector. pHelper1.0 and Helper2.0 served as the packaging vectors. Briefly, ShCtrl or ShUBE2T pGCSIL-GFP vectors were cotransfected with pHelper1.0 and Helper2.0 vectors into 293T cells using Lipofectamine 2000 (Invitrogen). After 48 or 72 h, the viral supernatants were harvested and filtered through 0.45 µm filters. The viral supernatants were used to infect the BEL-7404 and SMMC-7721 cells, and the infection efficiency was determined by qRT-PCR and Western blot assays.
Total RNA isolation and quantitative real-time PCR
RNA was harvested from indicated cells using TRIzol reagent (Invitrogen) and an RNA isolation kit (CWBIO, China) following the manufacturer's instructions. Equal amounts of RNA were subjected to reverse transcription with M-MLV reverse transcriptase (Promega). The qRT-PCR experiment was performed using the SYBR master mixture (Takara) on a real-time PCR machine TP800 (Takara). The primer sequences are listed in Table 1 . The expression of the targeted genes was normalized to GAPDH.
Western blot analysis
The proteins were collected from the indicated cells with lysis buffer (Beyotime), and the concentration was analyzed with a BCA protein assay kit (Beyotime). The proteins were separated on a 10% or 12% SDS-PAGE gel and subsequently transferred to PVDF membranes (Millipore, United States). The membranes were then blocked with 5% nonfat milk for at least 60 min at room temperature. After incubating with primary antibodies overnight at 4 °C, the membranes were incubated with secondary antibodies and washed three times with PBS-T. The proteins on the membranes were detected using chemiluminescence (Thermo Fisher Scientific). The antibody against UBE2T (SAB1104968) was from Sigma. The antibodies against GAPDH (ab9485), ITGA2 (ab133557), FOSL1 (ab124722), PTGS2 (ab15191), IL1B (ab9722), and BMP6 (ab155963) were from Abcam. All the secondary antibodies were from Santa Cruz. The HCS assay was performed to detect cell viability. ShCtrl and ShUBE2T SMMC-7721 or BEL-7404 cells were seeded in 96-well plates and cultured for 5 d. The viable cells were scanned by the detection of intensity and distribution of fluorescence. The images were collected using a 20 × objective fluorescence-imaging microscope and analyzed with ArrayScan HCS software (Cellomics Inc.).
Xenografted tumor growth assay
A total of 5 × 10 6 ShCtrl and ShUBE2T SMMC-7721 cells were subcutaneously implanted into the immune-deficient nude mice (BALB/c, 4 wk old, n = 8 per group). The tumor volume was analyzed using the following formula: V = 0.5 × ab 2 (a = long diameter of the tumor, b = short diameter of the tumor). The tumor weight was measured by day 42 after the implantation. This study was approved by the ethics committee of The Affiliated People's Hospital of Shanxi Medical University.
Cell cycle analysis
Propidium iodide (PI) staining was used to detect the cell cycle distribution of ShCtrl and ShUBE2T SMMC-7721 or BEL-7404 cells. In brief, the SMMC-7721 or BEL-7404 cells expressing shRNA lentivirus against Ctrl or UBE2T were seeded in six-well plates. When reaching 80% density, the cell nuclei were stained with PI. PI absorbance was then measured by flow cytometry (FACSCalibur, Becton Dickinson).
Apoptosis analysis
The apoptosis of ShCtrl and ShUBE2T SMMC-7721 or BEL-7404 cells was determined with an Annexin-V-APC kit (Ebioscience, United States) according to the manufacturer's instructions. Briefly, the indicated cells were washed with PBS and resuspended with staining buffer. A total of 5 μL of annexin V-APC regent was added into a total of 100 μL cell suspension, and the mixture was maintained at room temperature for 15 min. Then, flow cytometry was used to detect cell apoptosis (FACSCalibur, Becton-Dickinson, United States).
Gene expression profiling by microarray assay
Gene expression profiling was measured by the Affymetrix human GeneChip prime view. RNA was extracted from ShCtrl and ShUBE2T SMMC-7721 cells using TRIzol reagent. The difference in the gene expression was considered significant when the fold change > 2 and when P < 0.05. The pathway enrichment and gene networks were analyzed using the Ingenuity Pathway Analysis.
Statistical analysis
SPSS version 16.0 software was used to analyze the data as shown by the mean ± standard error of the mean (SEM) of three independent experiments. The difference between the two groups was analyzed by the unpaired Student's t-test. One-way ANOVA was applied when more than two groups were analyzed. For survival analysis, the Kaplan-Meier method was applied to analyze the correction between UBE2T expression and the overall survival rate, which was determined using the logrank test. The median value was used as the cutoff for classification of patients into high and low expression groups. The difference was considered significant at P < 0.05.
RESULTS
UBE2T expression is increased in HCC tissues
UBE2T is overexpressed in various cancer patients. We initially analyzed the abundance of UBE2T in HCC patients based on the TCGA database. UBE2T was highly expressed in 50 HCC specimens compared their adjacent normal tissues ( Figure 1A and B ). The expression of UBE2T was then analyzed in HCC and nonpaired normal tissues. The results showed that UBE2T was significantly overexpressed in 373 HCC tissues compared to 169 normal liver tissues ( Figure 1C ). In addition, high expression of UBE2T was positively correlated with grade, T stage, and the pathological stage of HCC patients ( Table 2 ). The patients in the UBE2T high expression group exhibited a poorer overall survival than those in the low expression group ( Figure 1D ). Taken together, the results demonstrate that UBE2T is abundant in HCC tissues and correlates with HCC progression and survival.
UBE2T knockdown inhibits the proliferation and xenograft tumorigenesis of HCC cells
We next determined the effect of UBE2T on HCC cell viability using the multiparametric HCS assay. UBE2T was knocked down using the lentivirus-mediated strategy. The qRT-PCR and Western blot assays showed that UBE2T was efficiently silenced in SMMC-7721 and BEL-7404 cells (Figure 2A-D) . The HCS results indicated that UBE2T knockdown clearly decreased the viability of SMMC-7721 and BEL-7404 cells (Figure 2E-H) .
To explore the role of UBE2T in HCC tumorigenesis, we implanted SMMC-7721 cells carrying the ShCtrl or ShUBE2T lentivirus. The tumors were harvested and photographed 42 d after implantation. The images showed that the tumor size of the ShUBE2T group was clearly smaller than that of the ShCtrl group ( Figure 3A) . The tumor growth curve suggested that UBE2T knockdown suppressed the tumor initiation and progression of SMMC-7721 cells ( Figure 3B ). Likewise, the tumor weight was decreased in UBE2T-silenced tumors compared with ShCtrl tumors ( Figure 3C ). Therefore, UBE2T is essential for the proliferation and carcinogenesis of both SMMC-7721 and BEL7404 cells.
Knockdown of UBE2T induces G1/S cell cycle arrest and apoptosis
Aberrant cell cycle progression and suppressed apoptosis are hallmarks of cancer. We then analyzed whether UBE2T regulated the cell cycle and apoptosis of HCC cells. Using PI staining and analysis by flow cytometry, we found that UBE2T knockdown in SMMC-7721 cells resulted in increased G1 phase and decreased S phase distribution. The G2/M phase remained unchanged ( Figure 4A) . Consistent results were observed in ShCtrl and ShUBE2T BEL-7404 cells ( Figure 4B ).
Next, Annexin-V-APC staining was used to determine the apoptosis of ShCtrl and ShUBE2T HCC cells. The results showed that UBE2T knockdown led to increased apoptosis of both SMMC-7721 and BEL-7404 cells ( Figure 5 ). Taken together, the results show that UBE2T silencing induces G1/S cell cycle arrest and enhances apoptosis in HCC cells.
Expression profiling of UBE2T regulated genes
To explore the downstream factors regulated by UBE2T in HCC, ShCtrl and ShUBE2T SMMC-7721 cells were subjected to gene chip analysis. A total of 354 genes were upregulated while 276 downregulated in the UBE2T knockdown cells compared with ShCtrl cells ( Figure 6A ). The pathway enrichment analysis showed that acute phase response signaling, osteoarthritis pathway, interleukin (IL)-6 signaling, type I diabetes mellitus signaling, and HMGB1 signaling were significantly activated by UBE2T knockdown, while IGF-1 signaling was suppressed ( Figure 6B ). Based on the previous studies and our data, a possible regulation network for UBE2T is presented in Figure  6C . We then performed Western blot and qRT-PCR assays to verify the GeneChip results. We found that PTGS2, IL-1B, RAC2, ITGA2, IL-1A, FOSL1, SOD2, bone morphogenetic protein (BMP) 6, BCL2L1, GSTO1, IGTA5, ENC1, IL-1RAP, MET, SOCS3, and PRKAR1A were upregulated, while RPL31, PPARGC1A, RPL13A, NQO1, ABCC1, RPL32, GCLM, FYN, HMOX1, SCNN1A, GSTA4, MAP2K6, and PIK3c2b were downregulated by UBE2T knockdown (Figure 6D and E ) .
DISCUSSION
HCC is one of the most malignant tumors, with a poor 5-year survival rate. It has been shown that HCC is a chronic disease, where non-alcoholic fatty liver disease and nonalcoholic steatohepatitis are risk factors for HCC [11, 12] . Even though a large number of studies have identified that some critical genes, such as TP53 and β-catenin, and several important signaling pathways, including Wnt/β-catenin and PI3K/ AKT/mTOR, play essential roles in HCC [5, 13, 14] , effective drugs targeting these genes or signaling pathways are still scarce. Therefore, identifying novel genes contributing to this disease may help us develop effective targeted treatments. A recent profiling study based on the database of TCGA showed that most of the cancer types harbor at least one driver signaling pathway. In HCC, the cell cycle and Wnt signaling pathways are the most frequently altered signaling [15] . Based on the TCGA database, we initially found that UBE2T was clearly overexpressed in HCC patients. And a previous study suggested that UBE2T expression was elevated in HCC tissues with higher pathological grade and vascular invasion according to TCGA cohort [10] . UBE2T acts as a member of ubiquitin-conjugating enzymes [16] . Notably, UBE2T locates at 1q32.1 and the gain of 1q in most human cancers may contribute to the aberrant upregulation of UBE2T [8] . Previously, several studies have illustrated the function of UBE2T in cancer development. For example, UBE2T expression is linked with the poor outcome of breast and lung cancers [9] . UBE2T is also overexpressed in prostate cancer and contributes to the growth of prostate cancer [8] . Furthermore, the knockdown of upregulated UBE2T suppresses cell and/or tumor growth in bladder cancer and gastric cancer [17, 18] . The involvement of UBE2T was also reported in HCC cell growth in vitro. UBE2T potentiated HCC cell growth by increasing the ubiquitination level of p53 [10] . However, the in vivo function of UBE2T in HCC is still unknown. Based on the TCGA database, UBE2T was highly expressed in HCC tissues; hence, we knocked down UBE2T in HCC SMMC-7721 and BEL-7404 cells. We showed that UBE2T silencing suppressed the growth of both cells in vitro and the xenograft tumor development of SMMC-7721 cells in vivo. These results indicate that UBE2T may be a functional oncogene in HCC. Moreover, UBE2T is critical for HCC cell growth and proliferation.
Cancer cells have accelerated cell cycle progression and reduced apoptosis [19] . Targeting cell cycle proteins has been used in cancer patients [20] . In bladder cancer, UBE2T has been found to negatively regulate the cell cycle process of G2/M transition and apoptosis [17] . Therefore, we investigated the role of UBE2T in the HCC cell cycle. We found that, although changes in the G2/M phase of the cell cycle in HCC cells remained minimal after UBE2T knockdown, the percentage of cells in the G1 phase was increased and that in the S phase was decreased in both ShUBE2T SMMC-7721 and BEL-7404 cells. These results suggest that UBE2T knockdown suppresses the cell cycle progression in both bladder cancer and HCC cells, while it exhibits a distinct function in regulating cell cycle phases in different cancers. Consistent with the results in bladder cancer, UBE2T silencing enhanced apoptosis in HCC cells. Some studies have illustrated the downstream substrates of UBE2T in various cancers. UBE2T activates the AKT/GSK3β/β-catenin pathway and triggers nasopharyngeal carcinoma progression [21] . UBE2T knockdown suppresses the phosphorylation of both PI3K and AKT in osteosarcoma [22] . In addition, UBE2T interacts with the BRCA1/BARD1 complex and promotes the development and progression of breast cancer [16] . To explore the downstream targets regulated by UBE2T, we performed GeneChip analysis in ShCtrl and ShUBE2T SMMC-7721 cells. We identified hundreds of genes that are regulated by UBE2T. The pathway enrichment and regulation network analyses showed the potential signaling pathways and the central genes downstream of UBE2T. As the GeneChip results indicated, multiple genes were dys-regulated upon UBE2T silencing, including ITGA2, FOSL1, PTGS2, IL-1β, and BMP6. ITGA2 subunit forms a heterodimer with the beta 1 subunit to mediate the adhesion of extracellular matrix, involved in tumor cell proliferation, apoptosis, and migration. Blockade of ITGA2 induces apoptosis and inhibits cell migration in gastric cancer, which might partially explain the ability of UBE2T silencing to inhibit HCC growth [23] . FOSL1 is a member of the FOS family, involved in cancer cell progression and maintenance of the transformed state in several cell types. Further studies suggest that FOSL1 is mainly involved in late tumor stages, including epithelial-to-mesenchymal transition and tumor invasion [24] . Prostaglandin endoperoxide synthases (also known as COX) are the rate-limiting enzymes in the conversion of arachidonic acid into prostaglandins. As one of the isoforms, PTGS2 could activate PEG2, which functions as a regulator in cell proliferation, apoptosis, and invasion [25] . The IL-1 family are proinflammatory cytokines involved in tumor growth, invasion, and distant metastasis in various cancers. A study revealed that the genotypes of IL-1 beta is associated with the prognosis of HCV-related HCC [26] . BMPs belong to the superfamily of the transforming growth factor-β. BMP6 is required to mediate the self-renewal and differentiation of several types of stem cells, and the deficiency of BMP6 may lead to cancer [27] . Taken together, all of these factors may contribute to the UBE2T silencinginduced deceleration of progression in HCC. These results provide clues for further mechanistic studies of UBE2T in HCC and other cancers. In summary, UBE2T is overexpressed in HCC specimens. Downregulation of UBE2T suppresses HCC cell and tumor growth, at least partly through arrested cell cycle progression and enhanced apoptosis. Numerous genes are regulated by UBE2T. Therefore, UBE2T acts as a potential oncogene and is significantly involved in HCC. intervention.
